Introduction {#sec1}
============

Triosephosphate isomerase catalyzes the reversible isomerization of [d]{.smallcaps}-glyceraldehyde 3-phosphate to dihydroxyacetone phosphate.^[@ref1]−[@ref3]^ The proton transfers at the active site of TIM are carried out by the carboxylate side-chain of Glu165/167,^[@ref4]−[@ref6]^ which shuttles a proton between C1 and C2; and, by the imidazole side-chain of His95, which shuttles a proton between O1 and O2 of enediolate intermediates ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref7],[@ref8]^ (We note the following small differences in the numbering of amino acid residues at TIM from chicken muscle or yeast and TIM from *Trypanosoma brucei brucei*, (cTIM/TbbTIM): Glu165/Glu167; Pro166/Pro168; Ile170/Ile172; Leu230/Leu232.) The amino acid side-chains play roles similar to that for small molecule Brønsted acid/base catalysts of isomerization in water.^[@ref9]^ However, the "directed" proton transfer reactions at the tightly packed and structured active site of TIM are much faster than those carried out by freely diffusing Bronsted acids and bases in water.^[@ref10]^

![TIM-Catalyzed Isomerization of Triosephosphates](ja-2018-04367y_0007){#sch1}

Recent results from empirical valence-bond calculations to model TIM-catalyzed deprotonation of DHAP, GAP or the substrate pieces glycolaldehye + phosphite dianion show that binding of these substrates to TIM results in a ≈13 kcal/mol decrease in Δ*G*° for deprotonation of the carbon acid by an alkyl carboxylate anion.^[@ref11],[@ref12]^ This corresponds to a ≈10 unit reduction at TIM in the 14 unit difference in the p*K*~a~ values of the carboxylic acid side-chain (*ca*. 4) and the carbon acid substrate DHAP (*ca*. 18) in water.^[@ref9]^ We are interested in understanding the mechanism by which the protein catalyst reduces the thermodynamic barrier for deprotonation of carbon acid substrates.^[@ref11],[@ref13]−[@ref17]^

The fifty-year old observation that phosphoglycolate (PGA) binds to triosephosphate isomerase with a higher affinity than substrate triggered the proposal that this stable ligand captured the strong stabilization observed for transition state binding,^[@ref18]^ and in some manner is analogous to the transition state.^[@ref19]^ PGA is an analog for the enediolate trianion intermediate of TIM-catalyzed deprotonation of DHAP ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}), so that inhibitor binding may capture the stabilization of an enediolate-like transition state from electrostatic interactions provided by catalytic side-chains at the enzyme active site.

![Deprotonation of the Complex between TIM and the Intermediate Analog PGA Trianion](ja-2018-04367y_0008){#sch2}

Wolfenden and co-workers determined that the values of *K*~i~ for competitive inhibition of TIM by PGA trianion are inversely proportional to \[H^+^\].^[@ref20]^ These results prompted NMR studies of the TIM**·**inhibitor complex, which showed that the binding of PGA trianion (**I**^**3--**^) to TIM (**E**^**--**^) is accompanied by the uptake of a proton to form the **EH·I**^**3--**^ complex.^[@ref21],[@ref22]^ Inhibitor and substrate binding to TIM ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A,B) drive complex enzyme conformational changes that move the carboxylate side-chain of E165 toward the ligand. The resulting short 2.8 Å separation between the ligand and enzyme carboxylates ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) is consistent with formation of a hydrogen bond that stabilizes the TIM**·**PGA complex.

![(A) Models, from X-ray crystal structures,^[@ref23]^ of the active site of unliganded yeast TIM (light blue, PDB entry 1YPI) and yeast TIM complexed with PGA (green, PDB entry 2YPI). Ligand binding is accompanied by a 2 Å shift in the position of the carboxylate side-chain of Glu165 toward the bound ligand. (B) Models, from X-ray crystal structures, of the active site of unliganded yeast TIM (light blue, PDB entry 1YPI) and yeast TIM complexed with DHAP (orange, PDB entry 1NEY).^[@ref24]^ Ligand binding is accompanied by a 2 Å shift in the position of the carboxylate side-chain of Glu165, similar to that observed for binding of PGA.](ja-2018-04367y_0001){#fig1}

We reported a pH profile of inhibition constants *K*~i~ for release of PGA trianion (**I**^**3--**^) from TIM from *Trypanosoma brucei brucei* (*Tbb*TIM) that is linear, with slope of −1 through pH 9.7, so that p*K*~EHI~ for release of a proton from the **EH·I**^**3--**^ complex ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}) is \>10.^[@ref14]^ The I170A mutation was found to result in a \>2 units decrease in the p*K*~a~ of this complex to p*K*~a~ = 7.7. We proposed that the reduction in the kinetic parameters for the I170A mutant, compared to wildtype *Tbb*TIM-catalyzed isomerization, is directly related to the reduction in the p*K*~a~ of the **EH·I**^**3--**^ complex.^[@ref14]^ The significance of these results is profound, provided that PGA trianion is a high-quality analog for the enediolate phosphate trianion reaction intermediate, because they require a strong basicity of the carboxylate side-chain at the complex to this reaction intermediate, which favors effective catalysis of proton transfer at carbon.

We now report the results of experiments that extend this work to a broad series of structural mutations of TIM from chicken (*c*TIM), yeast (*y*TIM) and *Trypanosoma brucei brucei* (*Tbb*TIM). The good linear free energy relationship between the effect of these mutations on the stability of the rate determining transition state for TIM-catalyzed isomerization, and the stability of the complex with PGA trianion, provides strong evidence that PGA trianion is an analog for the transition state.^[@ref25]^ Several mutations are shown to result in a reduction in the basicity of the **EH·I**^**3--**^ complex. We propose that these mutations result in a similar reduction in the basicity of the complex to the true enediolate intermediate, and that the change in side-chain basicity is the direct cause of the reduction in activity observed for these mutants.

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

Human wildtype α-glycerol phosphate dehydrogenase (GPDH) was prepared by published procedures.^[@ref26]^ Bovine serum albumin (BSA) was from Roche. [d]{.smallcaps},[l]{.smallcaps}-Glyceraldehyde 3-phosphate diethyl acetal (barium salt), dihydroxyacetone phosphate (DHAP, lithium or magnesium salt), NADH (disodium salt), triethanolamine hydrochloride (TEA), 2-(*N*-morpholino)ethanesulfonic acid (MES), 3-(*N*-morpholino)propanesulfonic acid (MOPS), *N*-\[tris(hydroxymethyl)methyl\]-3-aminopropanesulfonic acid (TAPS), 2-(cyclohexylamino)ethanesulfonic acid (CHES), imidazole and Amberite (H^+^-form) were purchased from Sigma. All other commercial materials were reagent grade or better and were used without further purification.

2-Phosphoglycolic acid (PGA) was prepared according to a literature procedure,^[@ref27]^ and was purified by passage through a DEAE-Sephadex A25 anion exchange column, with gradient (0--250 mM) elution using triethylammonium bicarbonate. PGA was detected by its activity as an inhibitor of TIM. The triethylammonium salt of PGA was converted to the free acid using Amberlite cation exchanger. Stock solutions of PGA (40--50 mM) were prepared in water, and the pH was adjusted to the required value using 1 M NaOH. The concentration of PGA in the stock solution was determined by ^1^H NMR analysis. This solution was diluted by 20-fold into 30 mM imidazole (pD 8.0, 70% free base), and the concentration determined by comparing the integrated areas of the signals for C-4 and C-5 protons of imidazole with the C-2 protons of PGA. Solutions of PGA at pH 7.5 were stored at −20 °C, where they are stable toward hydrolysis of the phosphoryl group for at least 6 months.

[d]{.smallcaps}-Glyceraldehyde 3-phosphate (sodium salt) was prepared according to a literature procedure.^[@ref28]^ Stock solutions of [d]{.smallcaps},[l]{.smallcaps}-glyceraldehyde 3-phosphate (D,L-GAP) were prepared by hydrolysis of the diethyl acetal (barium salt) using Dowex 50WX4-200R (H^+^-form) in a boiling water bath.^[@ref29]^ The solutions of D-GAP or D,L-GAP were stored at −20 °C and were adjusted to the appropriate pH by the addition of 1 M NaOH. It was shown in several cases that there is no significant difference in the kinetic parameters for TIM-catalyzed isomerization determined using D-GAP or a racemic D,L-GAP mixture. This is consistent with the report that L-GAP binds much more weakly to TIM than D-GAP.^[@ref30]^ We will refer to the [d]{.smallcaps}-glyceraldehyde 3-phosphate substrate for TIM as GAP for the remainder of this paper.

The methods for the cloning and overexpression of the genes for wildtype *c*TIM/*y*TIM/*Tbb*TIM,^[@ref31]−[@ref33]^*Tbb*P166A,^[@ref34]^*c*L7R (loop seven replacement),^[@ref34]^*y*Y208T/S/A/F, *y*S211A^[@ref35],[@ref36]^ mutants of TIM, and for protein purification, were described in earlier work. The concentrations of protein used in the determination of enzyme kinetic parameters were obtained from the absorbance at 280 nm and extinction coefficients that were calculated using the ProtParam tool available on the ExPASy server.^[@ref37]^

Enzyme Assays {#sec2.2}
-------------

The initial velocity for TIM-catalyzed isomerization of GAP was determined by coupling the formation of DHAP to the oxidation of NADH, using GPDH.^[@ref29]^ The kinetic parameters *k*~cat~ and *K*~m~ for the isomerization of GAP and (*K*~i~)~obs~ for competitive inhibition by PGA for wildtype and mutant TIMs were determined at 25 °C, *I* = 0.1 (NaCl), and over a broad range of pH. The pH was maintained by the following buffers: pH 4.9 - acetic acid, 65% free base; pH 5.7 - MES, 25% free base; pH 6.4 - MES, 60% free base; pH 7.0 - MOPS, 61% free base; pH 7.5 - TEA, 30% free base; pH 8.3 - TAPS, 45% free base; pH 8.9 - CHES, 30% free base; pH 9.3 - CHES, 50% free base. The assay mixtures (1.0 mL) contained 30 mM buffer, 0.2 mM NADH, GAP or D,L-GAP and 1--2 units of GPDH at an ionic strength of 0.1 (NaCl). There is a decrease in the specific activity of GPDH at increasing pH. The concentration of the coupling enzyme was varied to maintain a total activity of 1--2 units for all assays. The inhibition constants (*K*~i~)~obs~ for competitive inhibition were determined by varying \[GAP\] at two or three different fixed \[PGA\]. The maximum concentration of PGA was at least equal to *K*~i~ (M), but was limited to ≤13 mM in order to maintain a constant ionic strength of 0.10. The kinetic parameters for TIM-catalyzed isomerization, and for inhibition of isomerization by PGA were determined from the nonlinear least-squares fit of the kinetic data to the appropriate equation, as described in greater detail in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf).

Results {#sec3}
=======

Steady-State Kinetic Parameters for Wildtype and Mutant TIM-Catalyzed Reactions {#sec3.1}
-------------------------------------------------------------------------------

The initial velocities *v*~i~ for wildtype and mutant TIM-catalyzed isomerization of GAP were determined over a broad range of pH at 25 °C and *I* = 0.1 (NaCl). The following plots of *v*~i~/\[E\] against \[GAP\] are reported in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf). [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf): wildtype *y*TIM; pH 4.9, 5.7, 6.4, 7.5, 8.3, 8.9, 9.3 and 9.9, where the concentration of \[GAP\] at each pH is varied over two different fixed \[PGA\]. [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf): Y208T *y*TIM; data at the same pH as for wildtype *y*TIM, except there is no data at pH 9.9. [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf): Y208S *y*TIM; data at the same pH as for wildtype *y*TIM, except there were no experiments at pH 9.9 and only a single \[PGA\] was examined at pH 8.9. [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf): Y208A *y*TIM; data at the same pH as for wildtype *y*TIM, except there were no experiments at pH 9.3 and 9.9. [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf): Y208F *y*TIM; data at the same pH as for wildtype *y*TIM, except there were no experiments at pH 9.3 and 9.9; four different \[PGA\] were examined at pH 7.5 and only a single \[PGA\] was examined at pH 5.7, 6.4, 8.3, 8.9 and 9.3. [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf): S211A *y*TIM; same as for wildtype *y*TIM, except there were no experiments at pH 9.3 and 9.9 and only a single \[PGA\] was examined at pH 8.3 and 8.9. [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf): S211G *y*TIM; same as for wildtype *y*TIM, but there were no experiments at pH 8.9 and only a single \[PGA\] was examined at pH 9.9. [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf): Y208T/S211G *y*TIM; same as for wildtype *y*TIM, except there were no experiments at pH 9.9 and only a single \[PGA\] was examined at 8.9 and 9.3. [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf): wildtype *c*TIM; same as for wildtype *y*TIM, but only a single \[PGA\] was examined at pH 9.9. [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf): L7R *c*TIM; same as for wildtype *y*TIM, except there were no experiments at pH 9.9 and only a single \[PGA\] was examined at pH 9.3. [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf): P166A *Tbb*TIM; same as for wildtype *y*TIM.

Nonlinear least-squares fits of data from [Figures S1--S11](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf) for competitive inhibition by PGA were carried out to obtain the enzyme kinetic parameters *k*~cat~, *K*~m~ and (*K*~i~)~obs~, where (*K*~i~)~obs~ is the inhibition constant calculated for total PGA dianion + PGA trianion. These data were fit to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} when significant curvature in the Michaelis--Menten type plot was observed as \[GAP\] approached saturation, and to [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} when the data showed a good fit to a linear equation \[slope = (*k*~cat~/*K*~m~)~obs~\]. The kinetic parameters *k*~cat~ and *K*~m~, determined from these nonlinear least-squares fits are reported in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf) of the Supporting Information. Approximate values of *k*~cat~ and *K*~m~ are given in cases where the curvature is small, and the fit to the Michaelis--Menten equation gives *K*~m~ ≥ 15 mM. The observed inhibition constants (*K*~i~)~obs~ for competitive inhibition of TIM by PGA are reported in [Tables S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf). The standard deviations obtained from nonlinear least-squares fits of these data are better than ±10%, except at high pH where the affinity of PGA becomes weak and (*K*~i~)~obs~ increases to as large as 0.02 M. In a few cases, standard deviations of as large as 25% are observed.

pH-Profiles of Kinetic Parameters and Inhibition Constants {#sec3.2}
----------------------------------------------------------

[Figures S12--S14](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf) show pH profiles for the kinetic parameters *k*~cat~ and *K*~m~ for isomerization of GAP catalyzed by wildtype TIM \[chicken (*c*), yeast (*y*) and *T. brucei brucei* (*Tbb*)\] and mutant \[*Tbb*P166A, *c*LRM, *Tbb*I170A, *y*Y208T, *y*Y208S, *y*Y208A, *y*Y208F, *y*S211G, *y*S211A, *y*Y208T/*y*S211G\] TIMs. [Figure S15](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf) shows pH profiles for the inhibition constants (*K*~i~)~obs~ for competitive inhibition of these different TIMs by PGA. These profiles show a downward break at pH = 6.3, the p*K*~a~ for loss of a proton from PGA dianion to form PGA trianion.^[@ref20]^ These data may be fit to kinetic equations derived for Schemes where the inhibitor binds to TIM as the dianion. However, it was shown earlier that PGA binds as the trianion (**I**^**3--**^), and that binding of **I**^**3--**^ is accompanied by protonation of TIM, at the side-chain for Glu165, to form **EH·I**^**3--**^.^[@ref22],[@ref23]^ This side-chain (p*K*~a~ = 3.9)^[@ref20]^ exists largely in the basic form at pH 6.3. The values of (*K*~i~)~obs~ at pH \< 6.3 are pH-independent, because the decrease in \[**I**^**3--**^\] is balanced by the increase in the concentration of TIM in the protonated **EH** form.^[@ref20]^ The values of *K*~i~ for inhibition of wildtype and mutant forms of TIM by **I**^**3--**^, calculated from the values of (*K*~i~)~obs~ using [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} and p*K*~a~ = 6.3 for ionization of PGA dianion,^[@ref20]^ are reported in [Tables S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows pH profiles for the inhibition constants *K*~i~, determined using [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, for wildtype and each mutant enzyme. [Tables S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf) also report the ratios \[*K*~i~^M^\]/\[*K*~i~^WT^\] that define the effect of these mutations on values of *K*~i~ relative to wildtype TIM.

![Logarithmic relationships between *K*~i~ for inhibition of wildtype and mutant forms of TIM by **I**^**3--**^, and the concentration of hydrogen ion. These data were fit to [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} or [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}, derived for [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}, depending upon whether an upward break was observed in the profile at high pH. The kinetic parameters determined from these fits are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The values of p*K*~EHI~ determined from the position of the upward breaks are given next to the individual profiles. The data for *Tbb*WT and the *Tbb*170A mutant enzyme are from reference ([@ref14]).](ja-2018-04367y_0002){#fig2}

Discussion {#sec4}
==========

The kinetic parameters *k*~cat~/*K*~m~, *k*~cat~ and the inhibition constants (*K*~i~)~obs~ were determined for wildtype and mutant forms of TIM between pH 4.9 and 9.9. There is no effect of any mutation on the pH profiles for *k*~cat~/*K*~m~ determined for wildtype TIM ([Figures S12--S14](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf)). Each of these profiles shows a good fit to [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}, and downward breaks at pH = 6.0 ± 0.1, which is the p*K*~a~ for deprotonation of GAP monoanion to form the dianion.^[@ref9]^

There are small differences in the position of the downward breaks at low pH for the pH profiles of (*k*~cat~)~obs~ for wildtype TIMs from chicken, yeast and *T. brucei brucei* ([Figures S12--S14](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf)). The pH-independent value of *k*~cat~ = 3500 s^--1^ for *c*TIM is nearly 2-fold larger than *k*~cat~ = 2000 s^--1^ for *Tbb*TIM, but at pH = 4.9, *k*~cat~ = 1100 s^--1^ for *c*TIM is smaller than *k*~cat~ = 1500 s^--1^ for *Tbb*TIM. This is consistent with a lower p*K*~a~ for the ionization at the site that controls the activity of substrate bound to *Tbb*TIM compared with *c*TIM. The nonlinear least-squares fits of these data to [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} give p*K*~a~ values of 4.2, 4.7 and 5.3 for *Tbb*TIM, *y*TIM and *c*TIM, which are in acceptable agreement with the p*K*~a~ values of 3.9, 4.6 and 6.0 determined, respectively, for *Tbb*TIM,^[@ref38]^*y*TIM^[@ref39]^ and *c*TIM.^[@ref40]^ The position of the downward breaks observed at low pH in the profiles for *k*~cat~ for the isomerization of GAP catalyzed by yS211G and *y*Y208T/S211G TIMs, pH = 4.7 and 4.5, respectively, are similar to the value of pH = 4.7 determined for wildtype *y*TIM.

pH-Profiles for Inhibition by PGA {#sec4.1}
---------------------------------

The pH profiles of −log (*K*~i~)~obs~ for inhibition of wildtype and mutant forms of TIM by total PGA ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf)) show downward breaks, centered at pH = p*K*~a~ = 6.3 for deprotonation of PGA dianion (**I**^**2--**^) to form the inhibitor trianion (**I**^**3--**^).^[@ref20],[@ref22]^[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows pH profiles of −log *K*~i~ = p*K*~i~ calculated from [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, for inhibition of different TIMs by PGA trianion (**I**^3--^), using values of (*K*~i~)~obs~ and p*K*~a~ = 6.3 for deprotonation of **HI**^**2--**^ to form the active trianion **I**^**3--**^. The linear region of slope = −1.0 reflects the decrease in the concentration of the protonated form of TIM (EH, p*K*~a~ = 3.9)^[@ref20]^ with increasing pH. The upward breaks in the profiles observed at high pH are centered at p*K*~a~ = p*K*~EHI~ for deprotonation of **EH·I**^**3--**^ to form **E**^**--**^**·I**^**3--**^ + H^+^.

PGA trianion binds with different affinity to the carboxylic acid (*K*~i~)~EH~ and the carboxylate (*K*~i~)~E~ forms of the E165 side-chain of TIM, so that the pH profiles from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} are controlled by the p*K*~a~ for ionization of the side-chain at TIM (*K*~EH~ = 10^--3.9^),^[@ref20]^ and at the inhibitor complex (*K*~EHI~).^[@ref14]^[eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}, derived for [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}, predicts downward breaks in these pH profiles at low pH (*K*~EH~ = 10^--3.9^ ≪ \[H^+^\]), but it was not possible to examine inhibition of TIM by PGA at pH \< 4.9. Several plots from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} show upward breaks at high pH, when **I^3--^** binds exclusively to the carboxylate form of TIM to form **E**^--^**·I**^3--^. The nonlinear least-squares fit of data from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} to [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} gives the values of *K*~EHI~ for deprotonation of **EH·I^3--^** and (*K*~i~)~E~ breakdown of the **E^--^·I^3--^** complex reported in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. We also noted systematic decreases, with increasing pH, in the ratio of inhibition constants \[*K*~i~^M^\]/\[*K*~i~^WT^\] ([Tables S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04367/suppl_file/ja8b04367_si_001.pdf)) in cases where wildtype and mutant TIMs show detectably different values of *K*~EHI~ for deprotonation of **EH·I^3--^**. The wholly linear plots from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, with a slope of −1, were fit to [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} (*K*~EHI~ ≪ \[H^+^\] ≪ *K*~EH~) to give the values for (*K*~i~)~E~*K*~EHI~ reported in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

![Pathways for Binding of PGA Trianion (**I**^**3--**^) and a Proton to the E165 Carboxylate Form of TIM (**E**^**--**^) To Form **EH·I**^**3--**^](ja-2018-04367y_0009){#sch3}

###### Acidity Constants for Ionization of the **EH·I**^**3--**^ Inhibitor Complex and Dissociation Constants (*K*~i~)~E~ and (*K*~i~)~EH~ for Release of PGA Trianion ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}) Determined for Wildtype and Mutant Forms of TIM for Reactions at 25 °C and *I* = 0.1 (NaCl)

  Enzyme                                       (*K*~i~)~E~ (M)[a](#t1fn1){ref-type="table-fn"}   *K*~EHI~ (M)[b](#t1fn2){ref-type="table-fn"}   (*K*~i~)~EH~ (M)[c](#t1fn3){ref-type="table-fn"}   (*K*~i~)~E~·*K*~EHI~ (M^--2^)[d](#t1fn4){ref-type="table-fn"}   (*k*~cat~/*K*~m~) (M^--1^ s^--1^)[e](#t1fn5){ref-type="table-fn"}
  -------------------------------------------- ------------------------------------------------- ---------------------------------------------- -------------------------------------------------- --------------------------------------------------------------- -------------------------------------------------------------------
  *c*WT                                        ≈2 × 10^--2^                                      2.9 × 10^--11^                                 5 × 10^--9^                                        5.8 × 10^--13^                                                  1.1 × 10^7^[g](#t1fn7){ref-type="table-fn"}
                                                                                                 (p*K*~a~ ≈ 10.5)                                                                                                                                                   
  *Tbb*WT[f](#t1fn6){ref-type="table-fn"}      ≈2 × 10^--2^                                      1.2 × 10^--11^                                 2 × 10^--9^                                        2.4 × 10^--13^                                                  8.4 × 10^6^
                                                                                                 (p*K*~a~ ≈ 10.9)                                                                                                                                                   
  *y*WT                                        ≈2 × 10^--2^                                      4.3 × 10^--11^                                 7 × 10^--9^                                        8.5 × 10^--13^                                                  8.9 × 10^6^[h](#t1fn8){ref-type="table-fn"}
                                                                                                 (p*K*~a~ ≈ 10.4)                                                                                                                                                   
  *y*S211G                                     n.d                                               n.d                                                                                               4.9 × 10^--12^                                                  4.2 × 10^6^[h](#t1fn8){ref-type="table-fn"}
  *y*Y208T                                     n.d                                               n.d                                                                                               1.3 × 10^--11^                                                  1.0 × 10^6^[h](#t1fn8){ref-type="table-fn"}
  *y*Y208S                                     n.d                                               n.d                                                                                               1.6 × 10^--10^                                                  2.2 × 10^5^[h](#t1fn8){ref-type="table-fn"}
  *y*Y208A                                     n.d                                               n.d                                                                                               1.6 × 10^--10^                                                  1.8 × 10^5^[h](#t1fn8){ref-type="table-fn"}
  *y*Y208T/S211G                               n.d                                               n.d                                                                                               1.6 × 10^--11^                                                  7.3 × 10^5^[h](#t1fn8){ref-type="table-fn"}
  *Tbb*P166A                                   9.6 × 10^--3^                                     4.8 × 10^--10^                                                                                    4.6 × 10^--12^                                                  2.5 × 10^5^[g](#t1fn7){ref-type="table-fn"}
                                                                                                 (p*K*~a~ = 9.5)                                                                                                                                                    
  *y*S211A                                     2.4 × 10^--2^                                     6.1 × 10^--9^                                                                                     1.5 × 10^--10^                                                  2.2 × 10^5^[h](#t1fn8){ref-type="table-fn"}
                                                                                                 (p*K*~a~ = 8.2)                                                                                                                                                    
  *Tbb*I170A[f](#t1fn6){ref-type="table-fn"}   7.1 × 10^--3^                                     1.9 × 10^--8^                                                                                     1.3 × 10^--10^                                                  8.0 × 10^4^[f](#t1fn6){ref-type="table-fn"}
                                                                                                 (p*K*~a~ = 7.7)                                                                                                                                                    
  *c*L7R                                       2.6 × 10^--3^                                     1.8 × 10^--7^                                                                                     4.7 × 10^--10^                                                  5.7 × 10^4^[g](#t1fn7){ref-type="table-fn"}
                                                                                                 (p*K*~a~ = 6.7)                                                                                                                                                    
  *y*Y208F                                     1.6 × 10^--2^                                     4.9 × 10^--7^                                                                                     7.8 × 10^--9^                                                   9.6 × 10^3^[h](#t1fn8){ref-type="table-fn"}
                                                                                                 (p*K*~a~ = 6.3)                                                                                                                                                    

Determined from the fit of the data from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} to [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}, in cases where there is an upward break in the pH profiles from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The value of (*K*~i~)~E~ ≈ 0.02 M for wildtype TIMs was estimated as described in the text.

Determined from the fit of the experimental data to [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}, when there is an upward break in the pH profiles from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The values for wildtype TIM were estimated as described in the text.

Calculated from [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} using values of (*K*~i~)~E~*K*~EHI~ determined from nonlinear least-squares fits of the inhibition data 7 and *K*~EH~ = 10^--3.9^~.~^[@ref20]^

Determined from the nonlinear least-squares fit of data from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} to [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} or to [8](#eq8){ref-type="disp-formula"}, depending on whether there is an upward break in the pH profile at high pH.

Second-order rate constant for TIM-catalyzed isomerization of GAP, calculated for the total concentration of the hydrated and carbonyl forms of substrate.

Ref ([@ref14]).

Ref ([@ref34]).

Ref ([@ref35]).

The values of (*K*~i~)~EH~ for wildtype TIMs reported in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} for disassociation of PGA trianion from the **EH·I**^**3--**^ complex were calculated using [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} and the values of (*K*~i~)~E~*K*~EHI~ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), and *K*~EH~ = 10^--3.9^.^[@ref20]^ The disassociation constants (*K*~i~)~E~ for mutant TIMs shows only a small range (0.003--0.03 M, [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). This suggests that these mutations have only small effects on (*K*~i~)~E~ for wildtype TIM. The values of *K*~EHI~ for deprotonation of **EH·I**^**3--**^ at wildtype TIMs reported in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} were therefore estimated from the value of (*K*~i~)~E~**·***K*~EHI~ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) and (*K*~i~)~E~ = 2 × 10^--2^ M determined for the conservative S211A mutation. The values of p*K*~EHI~ for wildtype TIMs range from 10.0 for *Tbb*TIM to 10.5 for *c*TIM, and are consistent with the failure to observe breaks at pH 9.7 in the pH profiles for wildtype TIMs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).^[@ref14]^

Structure--Reactivity Correlation {#sec4.2}
---------------------------------

PGA trianion is referred to as a transition state analog^[@ref19]^ because, like the transition state, it binds to TIM more tightly than the substrate. A linear free energy relationship (LFER) is expected for logarithmic correlations between inhibitor affinity and transition state stability for reactions catalyzed by wildtype and mutant TIMs, when the inhibitor is an analog of the transition state.^[@ref25],[@ref41]^ The relative affinity of wildtype and mutant TIMs for PGA trianion, when inhibitor binding is accompanied by uptake of a proton, is defined by the relative values for (*K*~i~)~E~*K*~EHI~ ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"} and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the linear logarithmic correlation (excluding data for the P166A mutant), with slope 0.73 (*r*^2^ = 0.96), between *k*~cat~/*K*~m~ for isomerization of GAP catalyzed by wildtype and mutant forms of TIM and (*K*~i~)~E~*K*~EHI~ for binding of **H**^**+**^ and **I**^**3--**^ to TIM (**E**^**-**^) to form **EH·I**^**3--**^ ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}). The linear correlation from [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows that TIM acts to stabilize features that are common to the isomerization reaction transition state and the complex to PGA trianion; and, that 73% of the stabilizing interaction at the PGA complex is observed at the transition state for TIM-catalyzed isomerization. These results support the conclusion that the stable ligand **I**^**3--**^ is an analog of the late transition state for TIM-catalyzed isomerization through the enediolate reaction intermediate ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).

![Linear logarithmic correlation, with slope of 0.73 (*r*^2^ = 0.96), between the values of *k*~cat~/*K*~m~ for isomerization of GAP catalyzed by wildtype and mutant forms of TIM and (*K*~i~)~E~*K*~EHI~ ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"} and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) for binding of **H**^**+**^ and **I**^**3--**^ to TIM (**E**^**--**^) form the **EH·I**^**3--**^ complex.](ja-2018-04367y_0003){#fig3}

The 0.9 unit negative deviation of log *k*~cat~/*K*~m~ for P166A mutant TIM from the correlation in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows that this kinetic parameter is smaller than expected for the affinity of the P166A mutant for PGA trianion. X-ray crystallographic analyses of the active site for unliganded wildtype *Tbb*TIM,^[@ref42]^ and the complex between wildtype *Tbb*TIM and PGA ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"})^[@ref43]^ show that movement of loop 6 of wildtype TIM results in a clash between the carbonyl oxygen of G211 and the pyrolidine side-chain of P166. This clash is relieved by movement of the proline side-chain and the attached E165 side-chain toward the ligand. The P166A mutation relieves the unfavorable steric interaction, and leaving the side-chain of E165 at the PGA complex in the swung-out position: this is the only significant effect of the P166A mutation ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). We propose that the P166A mutation has a relatively small effect on log(*K*~i~)~E~*K*~EHI~ because the ligand carboxylate at the mutant enzyme is free to move toward the carboxylate of E165. By contrast, the requirement that GAP remain in the catalytic conformation, which enables optimal transition state stabilization by the organized side-chains of TIM, results in an added barrier to *k*~cat~/*K*~m~ for P166A mutant TIM, due to the requirement that the swung-out E165 carboxylate move toward the bound substrate at the Michaelis complex.

![Superposition of models, from X-ray crystal structures, which show TIM active sites: (1) Unliganded wildtype *Tbb*TIM (gold, PDB entry 5TIM); (2) Wildtype TIM from *L. mexicana* (*Lm*TIM) liganded with PGA (cyan, 1N55; (3) The P166A mutant of *Tbb*TIM liganded with PGA (green, 2J27). The ligand induced conformational changes observed for wildtype *Lm*TIM and P166A mutant *Tbb*TIM liganded to PGA are similar, except that the carboxylate side-chain of Glu165 of the P166A mutant remains in the swung-out position observed for the unliganded enzyme. There is a shift in the position of the bound PGA carboxylate for this mutant, which enables the formation of a hydrogen bond between the TIM and PGA carboxylates, as is observed for the complex of PGA to wildtype TIM.](ja-2018-04367y_0004){#fig4}

Affinity of PGA for TIM {#sec4.3}
-----------------------

The disassociation constants (*K*~i~)~EH~ = (2--7) × 10^--9^ M (2--7 nM) for release of **I**^**3--**^ from the wildtype **EH·I**^**3--**^ complex ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) correspond to binding energies of (11.1--11.8) kcal/mol, so that the small anion **I**^**3--**^ shows an unusually large affinity for binding to **EH**. This is consistent with **I**^**3--**^ acting as a mimic for the enediolate intermediate. By comparison, the disassociation constants (*K*~i~)~E~ ≈ 10^--2^ M ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) for release of PGA trianion from the **E**^**--**^**·I**^**3--**^ correspond to binding energies of only 3 kcal/mol for formation of **E**^**--**^**·I**^**3--**^. We conclude that formation of this complex is accompanied by a *ca*. 9 kcal/mol increase in the driving force for protonation of the carboxylate side-chain of E165. The increase from p*K*~a~ = 3.9 for deprotonation of the carboxylate side-chain of E165 at free TIM, to p*K*~a~ ≈ 10.5 for deprotonation of the **EH·I**^**3--**^ ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}) is due to the combined effects of: (1) Stabilization of **EH·I**^**3--**^ by the hydrogen bond between the carboxylic acid side-chain of TIM and the carboxylate of PGA. (2) Destabilization of **E**^**--**^**·I**^**3--**^ by electrostatic interactions between the interacting anionic inhibitor and carboxylate side-chain of TIM.

There is an 8 kcal/mol difference between the 11 and 3 kcal/mol binding energy of PGA trianion for **E**^**--**^ and **EH**. We propose that the observed binding energy of **I**~**3**~^**--**^ for **E**^**--**^ is reduced by the requirement to utilize binding energy to drive an enzyme conformational change that results in destabilizing interactions between the ligand and enzyme anions,^[@ref23],[@ref43]^ and an increase in the basicity of the E165 side-chain at the complex to **I**^**3--**^ or to the enediolate. In the case of **I**^**3--**^, this increase in side-chain basicity is accompanied by thermodynamically favorable side-chain protonation by solvent. In the case of GAP, the increase in side-chain basicity at the complex to the enediolate intermediate provides an increase in the thermodynamic driving force for substrate deprotonation.

Site-Directed Mutations: Simple Effects {#sec4.4}
---------------------------------------

The tight packing of the hydrophobic side-chain of I170 and the catalytic side-chain of E165 at the closed form of TIM is partly relieved at the I170A mutant, where the excised side-chain is replaced by a water molecule.^[@ref13]^ This has the effect of reducing *k*~cat~/*K*~m~ for the I170A mutant. The results of empirical valence bond calculations of the activation barriers for deprotonation of GAP catalyzed by wildtype and mutant forms of TIM reproduce the effect of the I170A mutation on *k*~cat~, and show that placement of the alkyl side-chain of I170 at the tightly packed active site of TIM is critical to the observation of optimal stabilizing electrostatic interactions between the transition state and neighboring polar side-chains at TIM.^[@ref11],[@ref13]−[@ref15]^

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the partly transparent surface of the complex between *y*TIM and PGA,^[@ref23]^ which highlights the hydrogen bonding interactions between the side-chains of Y208 and S211 from loop 7 (shaded purple) and backbone amides from loop 6 (shaded green). These interloop hydrogen bonds serve to lock the ligand into a tight cage.^[@ref35],[@ref36],[@ref44]−[@ref46]^ The importance of this cage for obtaining optimal transition state stabilization from electrostatic interactions with side-chains at the enzyme active site is highlighted by the large effects on *k*~cat~/*K*~m~ of the weakening of the cage by mutations at positions 208 and/or 211.^[@ref35],[@ref44],[@ref45]^[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows that the Y208, S211 and L7R mutations likewise result in substantial destabilization of the complex to the PGA trianion intermediate analog; and, that 73% of this effect is observed as a destabilization of the rate determining transition state for TIM-catalyzed isomerization of GAP.

![Representation of the complex between yeast TIM and PGA (PDB entry 2YPI) that shows interloop H-bonds between the amide-NH of Gly-173 and the γ-O of Ser-211; the amide-NH of Ala-176 and the phenol oxygen of Try-208; and, the carbonyl oxygen of Ala-169 and the γ-OH of Ser-211.](ja-2018-04367y_0005){#fig5}

Site-Directed Mutations: Perturbation of the p*K*~a~ for the Catalytic Glutamate {#sec4.5}
--------------------------------------------------------------------------------

The binding of the enediolate analog **I**^**3--**^ from water to TIM to form **EH·I**^**3--**^ is accompanied by protonation of the catalytic side-chain ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}). By contrast, the enediolate phosphate intermediate is not released to water, but rather is generated by deprotonation of bound GAP (*K*~eq~, [Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}) to form the **EH·Enediolate** complex, where the proton at E165 is derived from substrate, not water. The LFER from [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows that **I**^**3--**^ is an excellent analog for the enediolate phosphate trianion, so that the binding of each of these ligands is expected to induce an increase in the basicity of the glutamate side-chain. The increase in side-chain basicity will increase the driving force for intermolecular proton transfer to form **EH·Enediolate**: we propose that this change in driving force for proton transfer is an important consequence of the ligand driven conformational change of TIM.

![Equilibrium Constant for Intermolecular Proton Transfer from Enzyme-Bound GAP to the Carboxylate Side-Chain of TIM (*K*~eq~) Expressed as the Ratio of Acidity Constants for Proton Transfer Reactions Mediated by Water \[(*K*~a~)~CH~/(*K*~a~)~COOH~\]](ja-2018-04367y_0010){#sch4}

[Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} reports values of p*K*~EHI~ for deprotonation of **EH·I**^**3--**^ for several mutants of TIM, of Δ(p*K*)~EHI~ for the effect these mutations on the basicity of E165 at **EH·I**^**3--**^, and of Δlog (*k*~cat~/*K*~m~) for the effect on the activation barrier to TIM-catalyzed isomerization of GAP. This table shows that these mutations result in strikingly similar changes in the reaction activation barrier (Δlog (*k*~cat~/*K*~m~)), in Δ(p*K*)~EHI~ for deprotonation of the complex to the enediolate (**EH·I**^**3--**^) and, we propose, in Δ(p*K*)~EHI~ for deprotonation of the complex to the true enediolate intermediate.

###### Comparison of the Effect of Mutations of Side-Chains near the Active Site of TIM on Catalytic Activity and the Stability of Complexes to PGA Trianion (**I**~**3**~^**--**^)

  Enzyme             log (*K*~i~)~E~   p*K*~EHI~   Δ(p*K*)~EHI~[a](#t2fn1){ref-type="table-fn"}   Δlog (*k*~cat~/*K*~m~)[b](#t2fn2){ref-type="table-fn"}
  ------------------ ----------------- ----------- ---------------------------------------------- --------------------------------------------------------
  Wildtype chicken   --1.7             10.5                                                        
  Wildtype *Tbb*     --1.7             10.0                                                        
  Wildtype yeast     --1.7             10.4                                                        
  *Tbb*P166A         --2.0             9.3         0.7                                            1.4
  *y*S211A           --2.6             8.2         2.2                                            1.6
  *Tbb*I170A         --2.1             7.7         2.3                                            1.9
  *c*L7R             --2.6             6.7         3.8                                            2.4
  *y*Y208F           --1.8             6.3         4.1                                            3.1

The difference in the p*K*~EHI~ for each mutant comparing to the wildtype enzyme.

Difference in the log(*k*~cat~/*K*~m~) for each mutant comparing to the wildtype enzyme.

Wildtype TIM-catalyzed isomerization proceeds with several kinetically significant steps ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). Our discussion will focus on the barrier to TIM-catalyzed deprotonation of substrate to form the **EH·Enediolate** intermediate, because this barrier largely controls the overall barrier to *k*~cat~ for reaction of enzyme-bound substrate.^[@ref11]^[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, drawn for [Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}, compares the energetics for isomerization catalyzed by wildtype TIM and the I170A mutant of TIM, where Δ*G*~eq~ for intermolecular proton transfer at the enzyme is controlled by the difference in p*K*~CH~ for deprotonation of the carbon acid substrate (Δ*G*~CH~) and p*K*~COOH~ for deprotonation of the carboxylic acid side-chain of E165 (Δ*G*~COOH~). The I170A mutation results in a falloff in *k*~cat~/*K*~m~ and a decrease in p*K*~EHI~ ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). If Δp*K*~COOH~ = Δp*K*~EHI~ = 2.3 for complexes to PGA trianion and to the enediolate intermediate, then we note the similarity between Δp*K*~COOH~ = 2.3 for the I170A mutant, Δlog (*k*~cat~/*K*~m~) = 1.9 ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}) and Δlog *K*~eq~ = 2.3 determined by empirical valence bond calculations.^[@ref11]^ These similar effects of the I170A mutation on the kinetic \[Δlog (*k*~cat~/*K*~m~)\] and thermodynamic \[Δlog *K*~eq~ = 2.3\] reaction barriers for deprotonation of substrate bound to TIM, and on the barrier for E165 side-chain deprotonation \[Δp*K*~COOH~\] is shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} as the matching *ca*. 3 kcal/mol effects of the I170A mutation on ΔΔ*G*~eq~ and ΔΔ*G*~COOH~. We suggest that, by contrast, the I170A mutation has little or no effect on the barrier to proton transfer from the **E·GAP** to solvent (*K*~CH~, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}).

![Free energy diagram that compares deprotonation of GAP at the active sites of wildtype and I170A mutant TIMs. The product of the reaction, with free energy barrier Δ*G*~eq~, is the **EH·Enediolate**, which undergoes hypothetical proton transfer to solvent with p*K*~COOH~ to form **E**^**--**^**·Enediolate**. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} is drawn to show that the 3.0 kcal larger barrier for oxygen deprotonation of **EH·Enediolate** at wildtype, compared with mutant TIM (ΔΔ*G*~COOH~) ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}) is linked to 3.0 kcal increase in Δ*G*~eq~ (ΔΔ*G*~eq~), calculated in an EVB computational study.^[@ref11]^ The reaction coordinate for substrate deprotonation is not shown in this Figure, but a late enediolate like transition state is assumed for TIM-catalyzed deprotonation of GAP.](ja-2018-04367y_0006){#fig6}

The following arguments support the proposal that TIM acts specifically to reduce the thermodynamic barrier to intermolecular proton transfer at the enzyme (Δ*G*~eq~), but has a much smaller effect on the thermodynamic barrier for proton transfer from enzyme-bound substrate to solvent (Δ*G*~CH~), as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

\(1\) Mutations that stabilize **EH·I**^**3--**^ toward loss of a proton (*K*~EHI~) cause little of no change in the stability of **E**^**--**^**·I**^**3--**^ toward disassociation of **I**^**3--**^ ((*K*~i~)~E~, [Tables [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [2](#tbl2){ref-type="other"}). In other words, wildtype TIM provides optimal stabilization of **EH·I**^**3**--^, but a much smaller stabilization of the **E**^**--**^**·I**^**3--**^ complex. We propose that there is a similar trend for the **EH·Enediolate** and **E**^**--**^**·Enediolate** complexes.

\(2\) Results from empirical valence bond calculations show that the effect of the I170A mutation on the stability of the **EH·Enediolate** relative to **E**^**--**^**·GAP** is due mainly to the effect of the mutation on stabilizing electrostatic interactions between TIM and the enzyme-bound intermediate.^[@ref11]^ We propose that these stabilizing electrostatic interactions are largely lost at the **E**^**--**^**·Enediolate** complex, because of shifts in the position of interacting polar groups at **E**^**--**^**·Enediolate** compared with **EH·Enediolate**. If there is only weak stabilization of the **E**^**--**^**·Enediolate** complex, then there can be no significant difference between the stabilization of **E**^**--**^**·Enediolate** complexes to wildtype and to I170A mutant TIM, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

### Origin of the Catalytic Rate Acceleration for TIM {#sec4.5.1}

The prime imperative for enzymatic catalysis of deprotonation of weak carbon acids is to reduce the thermodynamic barrier for proton transfer at the enzyme compared to proton transfer from substrate to solvent.^[@ref47],[@ref48]^ We propose that the large thermodynamic driving force for deprotonation of enzyme-bound substrates GAP or DHAP^[@ref11]^ is reflected by a strong basicity of the E165 side-chain at the complex to the enediolate reaction intermediate (**EH·Enediolate**). This proposal is strongly supported by the observation of a strong basicity of the E165 side-chain at the **EH·I**^**3--**^ complex to the excellent enediolate analog phosphoglycolate ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).

TIM may operate to increase *K*~eq~ ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}) for proton transfer either through interactions that increase the basicity of the carboxylate anion of E165 or through interactions that increase the acidity of the carbon acid substrate. The difficulties in partitioning this overall effect into effects on substrate acidity and protein basicity have been discussed in a recent report of EVB calculations to model the effects of I170A, L230A and I170A/L230A mutations on the activation barrier to TIM-catalyzed deprotonation of substrate to form the enediolate phosphate reaction intermediate.^[@ref11]^ The results of these calculations support the proposal that the effect of the protein catalyst on the driving force for proton transfer is due mainly to an increase in the stabilizing intermolecular electrostatic and hydrogen bonding interactions of the protein with the bound ligand that accompanies proton transfer.^[@ref11],[@ref49],[@ref50]^ For example, there is evidence that TIM increases the driving force for deprotonation of bound substrate by providing preferential stabilization of negative charge at an enediolate oxygen compared with water.^[@ref8],[@ref33],[@ref51]^

Empirical valence bond calculations show that Δp*K*~a~ for the reacting carbon acid and carboxylate base is reduced by 8 units, from 18.5 for deprotonation of DHAP by propionate anion in water to reaction in water to 10.7 units for proton transfer from DHAP to the carboxylate side-chain of E165.^[@ref11]^ By comparison, the binding of PGA trianion to TIM results in a large ≈6 unit increase in the basicity of the E165 side-chain. One important question that remains is the extent to which the increase in side-chain basicity is expressed at the transition state for TIM-catalyzed proton transfer.^[@ref17]^ The results of EVB calculations of the effect of I170A, L230A and I170A/L230A on Δ*G*° and Δ*G*^‡^ for deprotonation of enzyme-bound DHAP or GAP show that 80% of the change in Δ*G*° for enediolate formation is expressed at the transition state for enzyme-catalyzed proton transfer.^[@ref11]^

SUMMARY AND CONCLUSIONS {#sec5}
=======================

The excellent linear free energy relationship from [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows that the effect of mutations of TIM on the stability of the complex to PGA trianion (**I**^**3--**^) and on the transition state for TIM-catalyzed isomerization are remarkably similar, so that **I**^**3--**^ serves as an excellent analog for the enediolate phosphate intermediate. The binding of **I**^**3--**^ to TIM drives a large enzyme conformational change that induces a *ca*. 6 unit increase in the p*K*~a~ for deprotonation of the carboxylic acid side-chain of E165 at the **EH·I**^**3--**^ complex. A similar increase in the basicity of this side-chain, which occurs during intermolecular proton transfer from bound substrate to enzyme to form the **EH·Enediolate** complex, would promote catalysis of substrate deprotonation by causing an increase in the thermodynamic driving force for proton transfer.^[@ref17]^ We have examined the effect of mutations of side-chains that play several different structural roles in promoting efficient proton transfer at the active site of TIM. The good correlation between the effect of mutations on *k*~cat~/*K*~m~ for TIM-catalyzed isomerization of GAP, and the p*K*~a~ for deprotonation of **EH·I**^**3--**^ shows that effective catalysis by TIM is directly linked to a strong basicity of the catalytic glutamate, which provides a strong thermodynamic driving force for deprotonation of the enzyme-bound substrate. The strong basicity of E165 is promoted by Y208 and S211, which serve to clamp loop 6 over the substrate;^[@ref35],[@ref45]^ by I170, which assists in the creation of a hydrophobic environment for E165;^[@ref13],[@ref43]^ and, by P166, which functions in driving the carboxylate side-chain of E165 toward enzyme-bound substrate.^[@ref34],[@ref52]^ These results provide strong support for the conclusion that the evolution of key architectural features of the active site of TIM was guided by the imperative to optimize the thermodynamic driving force for proton transfer from the enzyme-bound substrate to the E165 side-chain.
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